17 Genotyping by sequencing (GBS) is considered a powerful tool to discover single nucleotide polymorphisms 18 (SNPs), which are useful to characterize closely related genomes of plant species and plant pathogens. We 19 applied GBS to determine genome-wide variations in a panel of 187 isolates of three closely related Alternaria 20 spp. that cause diseases on tomato and potato in North Carolina (NC) and Wisconsin (WI). To compare 21 genetic variations, reads were mapped to both A. alternata and A. solani draft reference genomes and 22 detected dramatic differences in SNPs among them. Comparison of A. linariae and A. solani populations by 23 principal component analysis revealed the first (83.8% of variation) and second (8.0% of variation) 24 components contained A. linariae from tomato in NC and A. solani from potato in WI, respectively, providing 25 evidence of population structure. Genetic differentiation (Hedrick's G' ST ) in A. linariae populations from 26 Haywood, Macon, and Madison counties in NC were little or no differentiated (G' ST 0.0 -0.2). However, A. 27 linariae population from Swain county appeared to be highly differentiated (G' ST > 0.8). To measure the 28 strength of the linkage disequilibrium (LD), we also calculated the allelic association between pairs of loci. 29 Lewontin's D (measures the fraction of allelic variations) and physical distances provided evidence of linkage Adhikari et al PLoS ONE 2 1 throughout the entire genome, consistent with the hypothesis of non-random association of alleles among 2 loci. Our findings provide new insights into the understanding of clonal populations on a genome-wide scale 3 and microevolutionary factors that might play an important role in population structure. Although we found 4 limited genetic diversity, the three Alternaria spp. studied here are genetically distinct and each species is 5 preferentially associated with one host. 6 _____________________________________________________________________________________ 7
Introduction
The adoption of new agricultural practices and the development of new crop varieties may lead to the 9 emergence of new pathogens or to significant changes through local adaptation in already existing pathogen 10 populations [1, 2] . Plant pathogens continue to cause diseases in agro-ecosystems with the evolution of new 11 races [3] . Although many plant pathogenic fungi have host preference or are host specific, some of their life 12 histories suggest the emergence of novel pathogen species or strains adapted to new hosts [4] . Potato 13 (Solanum tuberosum L.) and tomato (Solanum lycopersicum L.) are two important solanaceous vegetables 14 worldwide. The center of origin of tomato and potato is believed to be South America [5, 6] . Alternaria solani 15 (Ell. and Mart.) Jones and Grout causes early blight (EB) on tomato and potato [7-10] whereas A. alternata 16 Kessler incites leaf blight and stem canker on tomato [11] [12] [13] , and brown rot on potato [14, 15] . It has recently 17 been proposed that a group of the tomato-infecting isolates was classified into a new phylogenetic species, 18 Alternaria linariae (Neerg.) Simmons. This proposed split from A. solani (Ell. and Mart.) Jones and Grout 19 were based mainly on multilocus sequence concatenation [16] . A. linariae (Neerg.) Simmons can cause EB 20 on tomato [16] [17] [18] [19] and potato [20] .
21
Recent advances in high-throughput sequencing technologies offer insight into the understanding of how 22 genome sequence variants underlie phenotype [21] . Importantly, population genomic analysis can improve 23 our ability to develop disease diagnostic molecular tools and to resolve genetic structure, as well as better 24 understand the molecular evolutionary history and pathogen epidemiology [22] . The use of population 25 genomic approaches may assist in identifying genomic regions or genes that are involved in host 26 specialization or speciation, as well as genes encoding secreted proteins that potentially interact with host 27 molecules [23, 24] . Several secreted proteins have been identified in some model plant pathogens, and it is 28 hypothesized that these genes rapidly evolve during host specialization due to coevolution with target host 29 molecules [23 -25] . [26, 27] . We hypothesize that A. linariae is more prevalent and endemic to high 20 altitude and cold environment in tomato production areas in western in NC. Thus, one of the main goals of 21 the present study was to scan genome-wide diversity and compare populations of A. linariae collected from 22 tomato in NC with A. solani from potato in WI.
23
In a previous study, population genetics of Alternaria spp. collected from tomato and potato was 24 examined using microsatellite loci. Our results revealed high levels of gene and genotypic diversity and mixed 25 reproduction (both asexual and sexual) in the populations analyzed [26] . In another study, a coalescent gene 26 genealogy analysis revealed no evidence of sexual recombination in Alternaria spp. [27] . To resolve
27 these issues, we tested two hypotheses in this study. First, we tested the hypothesis that populations of 28 Alternaria spp. are genetically distinct, in order to support the previous observations that these species are 29 differentiated by host preference [28] . Second, we used LD analysis to reassess the hypothesis that Alternaria 28 contained 50 to 60% of missing variants (Fig. 1) . 
27
To infer the mode of reproduction (e. g., clonal or sexual) in Alternaria spp., we compared contigs 28 with the greatest number of variants. In general, LD showed no apparent relationships. Pairwise comparisons 29 between Lewontin D [52] values and physical distances suggest a lack of recombination in the Alternaria spp.
1 to asexual reproduction. We used G' ST to find highly differentiated SNP variants and visualized these. To 2 further confirm the population differentiation due to novel alleles, we estimated the allelic composition of each 3 population. The reference allele, 0 and the first alternate allele, 1 appear subjectively similar in each 4 population (Fig. 6) . However, the second alternate allele, 2 in the Swain population (0.0245) is 2.5 times more 5 abundant than it appears in the population with its second greatest abundance (Macon population: 0.0096).
7
Discussion 8 We investigated the potential utility of the GBS approach for the determination of allele frequencies in 9 three closely related Alternaria spp. collected from NC and WI. Since three species of Alternaria cause 10 diseases on both tomato and potato, we were interested in mapping SNPs in their genomic regions. 20 fixed throughout the genomes of the isolates analyzed and these results support the hypothesis that there 21 was little or no genetic differentiation within A. linariae populations collected from NC.
22
Historically, host preference and morphological features have been used as principal criteria for species 23 delimitation in Alternaria spp. [8, 10] . More recently, the gene genealogy approach was used to reclassify 24 species of Alternaria [16] . Particularly, two species: A. linariae and A. solani can infect either tomato or potato, 25 or both [9, 16, 20] . To examine specific population structure and the genetic differentiation, we represented 26 the isolates of A. solani and A. linariae by host origins. Although these two fungal pathogens coexist in the 27 same agro-climatic conditions and cropping systems, the disease management strategies, resistance 28 breeding approaches, and evolutionary history are different or species-specific [8, 26, 73] .
29
Our data indicate differentiation of the isolates of A. solani collected from a potato from WI and the isolates 
22
One of the significant findings of the present study is that there was no relationship between LD decay 23 and physical distance. We found a lack of pairwise LD decay with the increasing physical distance between 24 variant loci. The contigs with the greatest number of variants demonstrated almost complete linkage 25 throughout their length. When the entire genome is linked, due to asexuality, selection cannot act on 26 individual genes but instead acts on the entire genome as if it were one locus. Our previous study based on 27 coalescent genealogical approaches also revealed a lack of recombination breakpoints in Alternaria spp., 28 suggesting strongly clonal populations in NC and WI [27] .
29
A variety of evolutionary processes such as epistatic selection, hitch-hiking, admixture, and physical [18, 26, 58, 77] . Our previous study [27] also indicated that the 13 clonal population structure of Alternaria spp. resulted from a combination of asexual reproduction 14 predominantly via conidia and haploid selfing of sexual recombination [75] .
15
Genetic drift alone can create LD between closely linked loci (Slatkin 2008) . Importantly, genetic drift is a 16 [81] . Moreover, the effects of drift are therefore strongest in small populations, in which a few events can 17 have a large impact. We further hypothesize that potential evolutionary force such as genetic drift might act 18 on a clonal population and contribute to generating LD in Alternaria spp. observed in this study.
19
20 Conclusions
21
The GBS analysis of Alternaria spp. provided genome-wide SNP data and revealed genetic 22 differentiation. The GBS method allowed effective comparison between A. linariae and A. solani and clearly 23 distinguished them at a specific level by PCA and refined our understanding of the species responsible for 24 the EB of tomato and potato. The A. linariae population from NC showed evidence of common ancestry and 25 limited admixture and geographic isolation. Our data demonstrated non-random associations among SNP 26 variants and these results were in line with the asexual reproduction of these pathogens. Furthermore, 27 additional sampling may be necessary to determine host specificity and macroevolutionary patterns among 28 these species in tomato and potato production regions. This study provides useful tools to plant pathologists 29 and plant breeders in their efforts to develop resistant cultivars for commercial tomato and potato production 1 Supporting information 2 3  Table S1 . Isolates of Alternaria spp. collected from tomato and potato from North Carolina 4 (NC) and Wisconsin (WI), respectively and used for genotyping by sequencing.
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